The repeat unit structure of the K2 capsule from an extensively antibiotic-resistant Acinetobacter baumannii global clone 2 (GC2) strain was determined. The oligosaccharide contains three simple sugars, D-glucopyranose, D-galatopyranose and N-acetyl-D-galactosamine, and the complex sugar, 5,7-diacetamido-3,5,7,9-tetradeoxy-L-glycero-L-manno-non-2-ulosonic acid (Pse5Ac7Ac or pseudaminic acid), which has not previously been reported in any A. baumannii capsule. The strain was found to carry all the genes required for the synthesis of the sugars and construction of the K2 structure. The linkages catalyzed by the initiating transferase, three glycosyltransferases and the Wzy polymerase were also predicted. Examination of publicly available A. baumannii genome sequences revealed that the same gene cluster, KL2, often occurs in extensively antibiotic-resistant GC2 isolates and in further strain types. The gene module responsible for the synthesis of pseudaminic acid was also detected in four other K loci. A related module including genes for an acylated relative of pseudaminic acid was also found in two new KL types. A polymerase chain reaction scheme was developed to detect all modules containing genes for sugars based on pseudaminic acid and to specifically detect KL2.
Introduction
Acinetobacter baumannii, a clinically important Gram-negative pathogen that causes untreatable infections due to extensive-or pan-drug resistance produces only capsule and lipooligosaccharide or lipooligosaccharide (LOS) (Russo et al. 2010; Fregolino et al. 2011; Kenyon and Hall 2013; Lees-Miller et al. 2013) . Capsular polysaccharides (CPSs) are highly immunogenic carbohydrate structures that form a hydrated layer surrounding the bacterial cell envelope. For many pathogenic bacteria, the capsule is an important virulence determinant that provides protection against complement-mediated phagocytosis and desiccation (Corbett and Roberts 2008; Keo et al. 2011) . In A. baumannii, the capsule has been shown to be crucial for optimal growth in human ascites fluid, survival in human serum and survival in a rat soft tissue infection model (Russo et al. 2010; Lees-Miller et al. 2013) .
CPSs are high-molecular-weight polymers made up of oligosaccharide units that are polymerized to form a long chain. The repeat units are composed of different sugars that are joined together via specific linkages, with each linkage catalyzed by a specific glycosyltransferase. In A. baumannii, enzymes for synthesis of the oligosaccharide units are encoded by the K locus, which is located between the fkpA and lldP genes (Kenyon and Hall 2013) . This locus includes genes for the synthesis of activated sugar precursors, glycosyltransfer, modification, repeat-unit translocation across the inner membrane, repeat-unit polymerization to form the carbohydrate polymer and capsule export. Recently, 10 different K loci (KL1-KL10) were found in completed genome sequences (Kenyon and Hall 2013) , and most were in isolates belonging to the clinically relevant clones, global clone 1 (GC1) and global clone 2 (GC2), which contain the majority of isolates resistant to many antibiotics. For this group, the structures of K1 (Russo et al. 2013 ) and K3 (Fregolino et al. 2011; Lees-Miller et al. 2013 ) have been determined, and the genes required for their synthesis are included in KL1 and KL3, respectively (Kenyon and Hall 2013) . Structures are not available for the repeat units associated with the remaining 8 K loci.
The genome of ACICU, the first GC2 isolate sequenced [GenBank accession CP000863], contains KL2 which includes a module that was predicted to direct the synthesis of 5,7-diacetamido-3,5,7,9-tetradeoxy-L-glycero-L-manno-non-2-ulosonic acid ( pseudaminic acid or Pse5Ac7Ac) or a relative (Kenyon and Hall 2013) . Pseudaminic acid was first described in Pseudomonas aeruginosa O7 and O9 (Knirel et al. 1984) and since then, several naturally occurring derivatives that differ in the type of N-acyl substitution at C-5 and C-7 have been reported in a number of bacterial species (reviewed in ref. Zunk and Kiefel (2014) ).
In this study, we determined the structure of the K2 capsule from an extensively resistant A. baumannii isolate from Australia that was found to carry the KL2 gene cluster. To examine the distribution of KL2 in the global clones and the species, additional A. baumannii completed genomes and draft genomes in the Whole Genome Shotgun (WGS) database were also examined. Loci that include the same pseudaminic acid gene cluster and ones that include a related cluster were also identified.
Results

CPS purification and chemical analysis
CPS from A. baumannii A74 was isolated after enzymatic treatment of the crude material present in the water layer of the hot water phenol extraction. Chemical analysis disclosed the occurrence of three different hexoses: glucose, galactose and galactosamine, all with the D configuration and linked at position 6, 3, 6 and 3, respectively, as deduced by applying the methylation protocol for neutral sugars (De Castro et al. 2010 ). An additional component was detected in the acetylated methylglycosides mixture, with the fragmentation pattern compatible with that of a 5,7-diacetamido-3,5,7,9-tetradeoxy-2-keto-nonulosonic acid. The substitution pattern of this residue was not determined via gas chromatography mass spectrometry (GC-MS) because the protocol used was not suitable for acidic residues; later, NMR analysis identified this residue as a terminal pseudaminic acid. Kdo, the marker of lipopolysaccharide, was not found or it was below the detection limit of the instrument.
NMR analysis of CPS
First NMR inspection of the CPS returned a proton spectrum with very broad signals ( Figure 1A) ; the anomeric protons were all at high field suggesting that all residues were β-configured, the spectrum contained also three N-acetyl signals at ca. 2 ppm, two protons of a deoxy position at 1.60 and 2.15 ppm and one methyl group at 1.15 ppm, and these last three signals together with two of the N-acetyl groups were consistent with a Pse5Ac7Ac residue. The poor quality of the two-dimensional (2D) NMR spectra prevented any additional structural assignment by application of 2D sequences. Inspired by the work of Perepelov et al. (2007) and surmising that Pse5Ac7Ac was internal to the polysaccharide chain, pure CPS was treated with 1% AcOH in order to cleave the backbone selectively at the level of the Pse5Ac7Ac residue, to obtain a product with improved spectroscopic properties. After purification, the acid-treated polysaccharide fulfilled this last expectation ( Figure 1B ), even though it was later found that Pse5Ac7Ac was not an internal residue but a terminal substituent. Pse5Ac7Ac was removed only partially creating some heterogeneity in the polymer; nevertheless, this did not prevent the interpretation of the NMR spectra and determination of the polysaccharide structure was accomplished.
Analysis of the 2D NMR spectra of the acid-treated polysaccharide permitted the assignment of all proton and carbon chemical shifts (Table I , structure in Figure 2) . The proton at 4.68 ppm was assigned to residue A, and its chemical shift indicated the β-configuration of the anomeric center as confirmed by the intra residues nuclear overhauser effects (NOEs) with H-3 and H-5, as well. H-1 of A had only three correlations in the TOCSY spectrum (Figure 3 ), due to the null H-4/H-5 coupling typical of the galacto ring stereochemistry, C-2 resonated at 52.7 ppm (Supplementary data, Figure S1 ) indicating a nitrogen-bearing carbon, and H-2 chemical shift (4.05 ppm) proved the acetylation of the amino function. Therefore, A was an N-acetylated β-galactosamine and the low field shift of its C-3 signal (80.7 ppm) proved glycosylation at this position (Bock and Pedersen, 1983) , in agreement with results from chemical analysis. The broad signal at 4.50 ppm, contained the H-1 signals from both B and C residues; information about these spin systems were recovered analyzing the TOCSY spectrum starting from H-2 protons of these units, which did not overlap with any other signal in the spectrum (Figure 3) .
With regard to B, its H-2 (3.59 ppm) displayed only other three cross peaks in the TOCSY spectrum (Figure 3) , as occurs for a galacto configured residue, for which magnetization is not propagated further than H-4, indeed, H-5 and after H-6, were identified by their correlation with H-4 in the NOESY spectrum (spectrum not shown), as also seen for A residue. Indeed, B was Acinetobacter baumannii K2 capsule structure a galactose, β-configured on the basis of the diagnostic anomeric signal chemical shift (4.48 ppm) and because H-1 showed the expected NOEs with H-3 and H-5, carbon chemical shift ( Table I , gHSQC in of Supplementary data, Figure S1 ) indicated that B was substituted at both O-3 and O-6, in agreement with results from chemical analysis.
With regard to C, H-1/H-2 cross peak in the COSY spectrum (expansion in the inset of Figure 3 , full spectrum in of Supplementary data, Figure S2 ) had a rather complex shape, especially if compared with that of H-1/H-2 of B; this suggested the presence of two close, almost overlapped anomeric signals, which were labeled C and C′, with the second resonating at higher field.
Following the COSY spectrum connectivities (Supplementary data, Figure S2 ), summarized by the TOCSY spectrum (Figure 3) , it was found out that H-2 of C and C′ were coincident, as also found for H-3 protons (3.46 ppm). Starting from H-3, the COSY spectrum (Supplementary data, Figure S2 ) displayed two correlations, one with a proton at 3.37 ppm and another with a proton at 3.54 ppm, as if there were two different H-4. For simplicity, assignments deduced from the signal at 3.37 ppm will be discussed first. This proton did not overlap with any other signal of the spectrum, and was given to H-4 of C. H-4 displayed five distinct cross peaks in the TOCSY spectrum (Figure 3) , instead of six, suggesting that two ring protons of this residue overlapped: of these five densities, three were already assigned to H-1/H-4, H-2/ H-4 and H-3/H-4 correlations, and therefore, attention was focused on the two left, which connected H-4 to the signals at 3.92 and 3.70 ppm. First relevant information came from the gHSQC spectrum (Supplementary data, Figure S1 ), which correlated these two protons to the same signal, a hydroxyl-methyl carbon at 62.1 ppm, given as C-6 of C. In addition, attribution of these signals to H-6 and H-6′ of the residue was substantiated by the very intense cross-peak in both COSY (Supplementary data, Figure S2 ) and TOCSY spectra (Figure 3) , and by the lack of correlation with H-4 in the COSY spectrum. Finally, H-6 clearly displayed a correlation with a signal at 3.45 ppm, heavily overlapped with H-3, which was assigned to H-5. C was identified as glucose because of the excellent magnetization propagation seen from H-4 in the TOCSY spectrum, which covered all the protons of the residue, and its β configuration at the anomeric center was supported by the low field chemical shift of the anomeric proton and by the large 3 J H1H2 value (8.3 Hz), which was qualitatively appreciated from the H-2 signal in the proton spectrum ( Figure 2 ). Carbon chemical shift analysis and comparison with published data (Bock and Pedersen, 1983) supported the above consideration and indicated that C was a non-substituted glucose residue.
Analysis of C′ started from its H-4 signal at 3.54 ppm: in this case the TOCSY spectrum showed only one new cross peak with a proton at 3.67 ppm assigned to H-6 because of correlation with a carbon signal at 63.4 ppm. The value of this C-6 indicated a hydroxyl-methyl carbon experiencing a modest chemical shift displacement at low field, diagnostic of the presence of a keto sugars. H-6′ was found by analyzing the gHSQC spectrum (Supplementary data, Figure S1 ) that correlated with the same carbon signal of H-6, while position H-5 was surmised overlapped with one of the C′ protons, and it was inferred at the end of the NMR analysis, because its carbon atom was the only one left unattributed in the gHSQC spectrum: the H-5 signal occurred at 3.53 ppm, overlapped with both H-4 and H-6′′ (Supplementary data, Figure S1 ). Spectra were calibrated with respect to internal acetone ( 1 H: 2.225 ppm, 13 C: 31.45 ppm). The structure of the repeating unit of the CPS is in Figure 2 .
Fig. 2.
The structure of the repeating unit of the CPS from A. baumannii A74. For each residue, the chemical structure is drawn together with its abbreviated name, the label used in Table I , and the type of glycosidic connection with the next unit. To avoid crowding, most but not all of the carbon positions of each residue are numbered. Unit C, a β-glucose residue, is not shown: this residue occupies the same position as C′, but it is not substituted with Pse5Ac7Ac at O-6.
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By the same considerations for C, C′ was a glucose β-configured at the anomeric center, but it differed from C by the presence of a ketose at C-6 position, a result in agreement with the occurrence of a 6-linked glucose in the chemical analysis of the intact CPS.
Assignment of D started from the diastereotopic methylene protons at high field (2.15 and 1.60 ppm), which correlated in the COSY spectrum with H-4 (4.26 ppm) and with a further signal in the TOCSY spectrum, at 4.23 ppm and assigned to H-5. The other resonances of the nonulosonic acid were determined by starting from the methyl signal at 1.15 ppm; the gHMBC spectrum correlated this methyl group with a carbon at 68.1 ppm assigned to C-8 and with a carbon at 54.9 ppm given to C-7; the corresponding protons were found in the gHSQC spectrum at 4.24 and 4.20 ppm, respectively, and the COSY spectrum linked H-7 to H-6 which was at 3.85 ppm. Determination of all the carbon chemical shift of D indicated that both its amino groups were N-acetylated, as confirmed by the long-range correlation of H-5 and H-7 with a carbonyl (175.9 and 175.0 ppm, respectively). Comparison of the carbon chemical shifts of this sugar with those published (Tsvetkov et al. 2001; Perepelov et al. 2007 ) confirmed the genetic data and identified this residue as a pseudaminic acid, α-configured at the anomeric center.
The order of the residues was inferred analyzing the NOESY spectrum (Figure 4) , which displayed these key correlations:
H-1 of A with H-3 and H-4 of B; H-1 of B with H-3 of A; H-1 of C′ with both H-6 and H-4 of B. NOEs from C were barely visible, but this was due to the low amount of this residue with respect to C′, as deduced by comparing the intensity of its H-4 (3.37 ppm) with the signal at 3.28 ppm, which accounts for both C and C′ H-2 protons. It was assumed that this residue was linked in the same fashion as C′. As for residue D, meaningful NOEs were not detected in the NOESY spectrum: actually, no inter-residue NOE was seen from any of the H-3 protons or from H-9, and if the other protons of this sugar gave relevant NOE effects, these were lost in the crowded carbinolic region of the NOESY spectrum. Therefore, placement of D at O-6 of C′ was made by taking into account the mild glycosylation shift found for C-6 of C′ and the occurrence of a 6-linked glucose from chemical analysis data.
The non-substituted glucose C was an artifact originating from the partial removal of D during the mild acid treatment of the CPS. Therefore, combining all the data, the repeating unit of the polymer is that shown in Figure 2 , with the glucose residue always substituted at C-6 with Pse5Ac7Ac.
Besides the NOEs listed above, these other effects were detected as well: H-1 of A with its own H-4 and H-6, H-1 of C′ with H-5 of A (or with H-6′′ of C′, which is coincident); for these correlation, it was not possible to find an explanation and assuming that spin diffusion effects were minimized, our . The C group of signals includes two anomeric protons, C and C′: these are related to a glucose unit that is not stoichiometrically substituted at C-6 by pseudaminic acid, as effect of the mild acid hydrolysis of the CPS. When Pse5Ac7Ac is present, glucose is substituted at O-6 and its anomeric signal is C′ 1 .
Acinetobacter baumannii K2 capsule structure hypothesis is that they arise from the secondary conformation of the polymer. This aspect will be object of further studies.
The initiating sugar of K2
The K locus sequence of isolate A74 [GenBank accession number KJ459911] was found to be 99.4% identical to the KL2 sequence of isolate ACICU [GenBank accession number CP000863], and Figure 5 shows the carbohydrate synthesis genes found in KL2 of isolate A74. Though the initiating sugar was not determined directly in this study, it can be predicted. The itrA2 gene in the KL2 locus encodes an initiating transferase, ItrA2, that begins the construction of the oligosaccharide by linking the first sugar to the undecaprenol phosphate lipid carrier (Kenyon and Hall 2013) . The KL2 ItrA2 protein is identical to ItrA2 from A. baumannii ATCC 17978 (KL3), which uses N-acetyl-D-galactosamine (D-GalpNAc) as the initiating sugar (Iwashkiw et al. 2012; Lees-Miller et al. 2013) . Hence, the initiating sugar of K2 can be confidently assigned as D-GalpNAc, and therefore the Wzy polymerase would catalyze the β-D-GalpNAc-(1 → 3)-D-Galp linkage between oligosaccharide units.
Genes for sugar synthesis in KL2
The gene products of galU, gpi, gne1 and pgm are involved in the synthesis of D-glucopyranose (D-Glcp), D-galatopyranose (D-Galp) and D-GalpNAc residues in the K2 structure ( Figure 5 ). KL2 also contains gna and ugd genes that enable the synthesis of the uronic acids, D-GalpNAcA and D-GlcpA, respectively (Kenyon and Hall 2013) . However, these sugars are not present in the K2 capsule.
Previously we predicted that the K2 structure was likely to contain a relative of pseudaminic acid given the presence of a module encoding six gene products that are related to ones Table I . Significance of the NOE effects assigned and marked with an asterisk is not deducible from the primary structure of the CPS ( Figure 2) ; they might be due to spin diffusion phenomena or, more probably, from the secondary conformation of the polysaccharide. Fig. 5 . The carbohydrate synthesis portion of the KL2 gene cluster of A. baumannii A74 and assignments for pseudaminic acid synthesis and predicted glycosyltransferase functions. The A74 capsule biosynthesis cluster is shown above drawn to scale. Genes for carbohydrate synthesis are white, and the gene for the Wzx translocase is striped. The gene encoding the initiating transferase is light gray. Genes responsible for pseudaminic acid synthesis are boxed and the pathway is shown below with enzyme names next to arrows that indicate the direction of the reaction. The final product is boxed. Genes with darker gray shading encode the predicted glycosyltransferases, and the Wzy polymerase gene is black. On the right side, the proteins predicted to catalyze specific linkages are indicated on the capsule structure.
JJ Kenyon et al. required for the synthesis of a form of pseudaminic acid with C-7 acylated with 3-hydroxybutanoyl in Shigella boydii Type 7 (Kenyon and Hall 2013) . However, the two modules differed substantially in the genes that encode the nucleotidase (PsaD) and acylase (PsaE) homologs, suggesting a difference in acylation patterns. The presence of Pse5Ac7Ac in K2 (Figure 2) indicates that the PsaE acyltransferase modifies C-7 with an acetyl group rather than 3-hydroxybutanoyl ( Figure 5 ).
Assignment of glycosyltransferases
The K2 structure includes three internal linkages, and three glycosyltransferase genes, gtr3, gtr4 and gtr5 in Figure 5 , were previously identified in KL2 (Kenyon and Hall, 2013) . Two of the linkages, β-D-Galp-(1 → 3)-D-GalpNAc and β-D-Glcp-(1 → 6)-D-Galp, are also found in the O-antigen repeat of Cronobacter sakazakii serotype O6 (Sun et al. 2012) , and the K2 glycosyltransferases are related to two encoded in the C. sakazakii O6 gene cluster with the genes present in the same gene order. Gtr4 is 35% identical to WepN [GenPept accession AFI60289] and Gtr5 is 49% identical to WepO [GenPept accession AFI60290]. However, as Gtr5 is also 86% identical to a glycosyltransferase from A. baumannii LUH5546 [GenPept accession AHB32564] that was predicted to catalyze a β-D-Galp-(1 → 3)-D-GalpNAc linkage (Hu et al. 2013) , it is likely that Gtr5 forms this linkage in K2 ( Figure 5 ). Gtr4 and WepN are both 279 amino acids (aa) and are likely to be responsible for the shared β-D-Glcp-(1 → 6)-D-Galp linkage ( Figure 5) .
Gtr3, the third glycosyltransferase encoded in KL2, is also related to Gtr4 and WepN, but Gtr3 is significantly shorter (203 aa verses 279 aa). Only the first 123 aa are 31% identical to the first half of Gtr4 and 34% identical to the first half of WepN. Hence, it is likely that gtr3 is a truncated pseudogene and Gtr3 may be non-functional. Hence, the predicted product of the remaining gene in KL2 (annotated as kpsS1 in Figure 5 ) is likely to catalyze the final K2 linkage. KpsS1 was previously found to be a distant homolog of KpsS (30% aa identity) from Escherichia coli (Kenyon and Hall 2013) , which is known to function as a 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo) transferase (Willis and Whitfield 2013) . However, there are no Kdo residues in the K2 structure. Though the stereochemistry of Kdo and that of pseudaminic acid residues are different, both are forms of a 3-deoxy-2-keto-ulosonic acid, and it is likely that KL2 KpsS (now KpsS1) is the glycosyltransferase responsible for forming the α-Pse5Ac7Ac-(2 → 6)-D-Glcp linkage. Thus, KpsS represents a new family of glycosyltransferase enzymes that is not related to any known glycosyltransferase that uses pseudaminic acid as a substrate.
Distribution of KL2 and KL6
Six additional complete A. baumannii genomes now available in GenBank and a total of 227 draft genomes in the WGS database were screened for the KL2 locus. Forty isolates, including ACICU described previously (Iacono et al. 2008) and WM99c [GenBank accession AERY01000087], the earliest known Australian GC2 isolate (Nigro et al. 2011) , were found to carry the KL2 gene cluster. Though 37 of the 40 isolates were identified as belonging to GC2 (Tables II and III) , the strains are from different countries and sources (Table III) . This indicates that the GC2 strains carrying KL2 are geographically widely distributed.
An additional five genomes, four of them GC2, were found to carry KL6 (Table III) . The psaABCDEF module was previously also identified in the KL6 locus of GC2 strain 1656-2 (Kenyon and Hall 2013) and is 97.1% identical to KL2. KL6 also contains gtr5 and itrA2 but not kpsS, and the differences between the KL2 and KL6 loci reside in the region that carries wzx, wzy and the remaining glycosyltransferases (white segments in Figure 6 ). These findings suggest that the K6 structure may include pseudaminic acid and the same disaccharide backbone (β-D-Galp-(1 → 3)-D-GalpNAc) with the differences in the sugars linked to the disaccharide in the main chain of the repeat unit.
Further K loci with the psaABCDEF synthesis module Using the psaABCDEF module as the query sequence, the available genome sequences were also searched for other K loci that included these genes. The psaABCDEF module was found in the genomes of isolates, OIFC143 and WC-A-92, which carry the novel KL23 gene cluster [GenBank accessions AFDL01000004 and AMFU01000100], and in the genomes of the GC2 isolate NIPH 67 [GenBank accession APRA01000009], and isolate NIPH 329 [GenBank accession APQY01000002] that carry novel configurations KL33 and KL46, respectively (Table III, Figure 6 ). The KL23, KL33 and KL46 psaABCDEF modules share 95.9-96.9% identity with the psaABCDEF module from KL2, indicating that the K23, K33 and K46 capsule structures may also contain a Pse5Ac7Ac residue.
The kpsS1 gene, encoding a predicted pseudaminic acid glycosyltransferase (84% identical to KL2 KpsS1), was also found in the KL23 locus, suggesting that Pse5Ac7Ac may be attached via the same linkage. The KL33 locus included a second type, kpsS2, which predicts a protein that is 50% identical to KpsS1. Among a total of 77 K loci found to date, the kpsS1 and kpsS2 genes are only found in A. baumannii K loci that contain genes for pseudaminic acid synthesis (JJ Kenyon and RM Hall, unpublished observations). These findings support the assignment of KpsS1 as the pseudaminic acid glycosyltransferase. However, the kpsS1 annotation has been maintained in the absence of biochemical data. (6) USA (2) Unknown (4) Trachea (4) Denmark (2) Unknown (2) Blood (3) Unknown (3) Hospital surface (2) Unknown (2) Urine (1) Unknown (1) Body fluid (1) Unknown (1) Cerebrospinal fluid (1) Italy (1) Unknown (10) USA (1) Italy (1) Unknown (8) ST32 (1) Perineum (1) USA (1) ST47 (1) Trachea (1) Czech Republic (1) NEW (1) d Unknown (1) Unknown (1) a Genomes available in GenBank and WGS as of 1st November, 2013. b ST is sequence type determined at http://www.pasteur.fr/recherche/genopole/ PF8/mlst/Abaumannii.html. c WM99c [GenBank accession AERY01000087] is further described in ref. Nigro et al. (2011) and is closely related to A74. d NEW is ST with known alleles but an unidentifiable MLST profile.
Acinetobacter baumannii K2 capsule structure
Other K loci with genes predicted to synthesize pseudaminic acid relatives A second region that contains genes for the synthesis of a relative of pseudaminic acid was also found in the available genome sequences (Figure 6 ). Novel configurations, designated KL31 and KL42, found in the genomes of OIFC0162 [WGS AMFH01000019] and NIPH 24 [WGS APOF01000020], respectively, both include a psaABCGHF module. Both modules include psaA, psaB, psaC and psaF genes, which share between 96.5 and 97.6% identity with the equivalent genes in KL2. However, the region containing psaD/psaE in KL2 is replaced by psaG/psaH in KL31 and KL42 ( Figure 6 ). The PsaE and PsaH acetyltransferases are only 36% identical suggesting a different acylation pattern in K33/K42. The PsaG nucleotidase is also only 33% identical to PsaD, which may reflect a change in substrate specificity of the nucleotidase proteins caused by the acyltransferases modifying the pseudaminic acid substrate differently.
Detection of KL2 by polymerase chain reaction
Primers that detect two regions in the KL2 variant of isolate ACICU were reported previously (Adams et al. 2008) and are situated within the psaABCDEF module. However, this module is present in more than one K locus type ( Figure 6 ). The polymerase chain reaction (PCR) detects ACICU_00080 ( psaF), which is common to all K loci in Figure 6 , and this was used as a generic PCR to detect any K locus with a psa module. To distinguish KL2 from other gene clusters that carry modules for pseudaminic acid synthesis, primers were designed to detect the region between wzy and gtr3 (RH1434 in wzy and RH1435 in gtr3) that lies within the region that is unique to KL2 (see Figure 6 ). The PCR scheme was validated using isolates A74 and ACICU as representatives of KL2, isolate RBH4 for KL6 [GenBank accession KF130871] and isolates from our own collection carrying 18 further K loci (data not shown). These primers will assist in epidemiological investigations by simply and rapidly identifying isolates, particularly extensively resistant GC2 members that carry KL2.
Discussion
In this study, we determined the capsule structure of an extensively antibiotic-resistant A. baumannii strain that carries the KL2 gene cluster. The K2 structure contains D-Galp, D-Glcp and D-GalpNAc sugars that are commonly seen in bacterial surface polysaccharides. The fourth sugar is the acidic sugar, pseudaminic acid. Though 19 oligosaccharide structures had been solved for the species (see Supplementary material, Table S2 in Kenyon and Hall 2013 for references), this is the first report of pseudaminic acid in A. baumannii. However, several other K loci that carry modules that direct the synthesis of pseudaminic acid or a related sugar were found, and this sugar may be present in further A. baumannii capsules with different structures. The functional predictions for the gene products from KL2 (Kenyon and Hall 2013) match the structure reported here. However, two genes, gna and ugd, do not appear to be needed for the synthesis of any sugar in K2. Analysis of the likely functions of the glycosyltransferases encoded in KL2 revealed that Gtr3 is truncated, and the gene product previously designated KpsS is likely to represent the third glycosyltransferase. KpsS1 represents a new glycosyltransferase family that is not related to other glycosyltransferases that catalyze the linkage of pseudaminic acid residues. However, biochemical evidence is needed to verify these assignments. ST2  CP000863  ST2  AERY01000087  ST2  AKAQ01000023  ST2  ALPW01000003  ST2  AMZU01000067  ST2  AFDM01000009  ST2  AMJO01000195  ST2  AMIQ01000085  ST2  AMIP01000025  ST2  AMIO01000027  ST2  AMIN01000026  ST2  AMIM01000095  ST2  AMIH01000412  ST2  AMHU01000096  ST2  AMHE01000152  ST2  AMHB01000179  ST2  AMHV01000059  ST2  AMIB01000518  ST2  AMIA01000142  ST2  AMHT01000084  ST2  AMHR01000202  ST2  ASGE01000015  ST2  ASGF01000044  ST2  ASGG01000135  ST2  ASFU01000019  ST2  ASGH01000072  ST2  ASGI01000038  ST2  ASGO01000021  ST2  ASGN01000035  ST2  ASFF01000016  ST2  ASFG01000026  ST2  ASGB01000086  ST2  AUZL01000256  ST2  AEOY01000010  ST2  AOSP01000135  ST2  ANNC01000028  ST2  APOW01000011  ST2  AMFS01000036  ST32  APOR01000023  ST47  AMHC01000037  NEW  KL6  CP001921   d   ST2  AFTB01000052  ST2  AMHX01000291  ST2  AMHL01000074  ST2  AMHO01000234  ST2  AMGA01000050  ST158  KL23  AFDL01000004  ST25  AMFU01000100  ST372  KL33  AMSS01000014  NEW  KL46 APQY01000002 ST11 For many of the early resolved structures, the origin of the oligosaccharide unit, whether capsule or another surface polysaccharide such as the O antigen, is unclear , 1995 , 1996 . However, as polysaccharide isolation techniques have improved, A. baumannii repeat-unit structures are being confidently distinguished as ones that are incorporated into the capsule (Fregolino et al. 2011; Lees-Miller et al. 2013; Russo et al. 2013) . K2 is also clearly a capsule. Recently, it was shown that the K3 oligosaccharide unit is also utilized in a general O-glycosylation system (Lees-Miller et al. 2013 ), and we predict that the K2 oligosaccharide also decorates proteins in strains that carry KL2.
Materials and methods
Bacterial strain and cultivation Acinetobacter baumannii strain A74, a multiply antibioticresistant GC2 isolate recovered from the Prince of Wales Hospital, Sydney, Australia in 2002, has been described previously (Nigro et al. 2011) . A74 was grown in Luria Broth (LB) for 16 h at 37°C and cells were collected by centrifugation (5000 g) at 4°C for 30 min. The cell pellet was resuspended in 0.9% saline, autoclaved and then freeze-dried prior to capsule extraction, yielding 9 g of dried cell mass.
CPS extraction and chemical analysis
Acinetobacter baumannii A74 cells (6.2 g) were extracted sequentially with petroleum ether-chloroform-phenol (PCP) (2:8:5 v/v/v) (Galanos et al. 1969 ) and the hot water/phenol method (Westphal and Jann, 1965) to isolate LOS and CPS. As expected, LOS was found in the PCP cells extract, while CPS (yield 21.4% g CPS /g cells ) was in the water layer; LOS was not further studied and analysis proceeded on CPS.
The capsule was purified from nucleic acid and proteins by enzymatic treatment as reported (De Castro et al. 2010 ) and recovered in 52% yield. Monosaccharide compositional analysis (acetylated methylglycosides), substitution pattern and absolute configuration (octyl glycosides) were performed as reported (De Castro et al. 2010) . GC-MS analyses were performed with an Agilent instrument (GC instrument Agilent 6850 coupled to mass spectrometry Agilent 5973) equipped with an SPB-5 capillary column (Supelco, 30 m × 0.25 i.d., flow rate, 0.8 mL min CPS from mild acid hydrolysis Purified CPS (10 mg) was hydrolyzed in aq.1% AcOH (100°C, 2 h). The precipitate was removed by centrifugation and the supernatant was lyophilized and purified by size exclusion liquid chromatography run in water on a BioGel P-10 column (Bio-Rad, flux = 14 mL h −1 , d = 1.5 cm, h = 110 cm), the eluate was monitored by an on-line refractive index detector (Knauer K-2301) and fractions were pooled according to the chromatographic profile recorded. CPS (6.3 mg) was recovered in the void volume of the column and used for NMR analysis, while Pse5Ac7Ac monosaccharide was eluted later. Acinetobacter baumannii K2 capsule structure NMR spectroscopy NMR experiments were performed using a Bruker DRX at 600 MHz, equipped with a cryogenic probe and spectra were acquired at 298K and calibrated on acetone ( 1 H 2.225 ppm, 13 C 31.45 ppm) used as internal standard. 2D spectra (DQF-COSY, TOCSY, gHSQC and gHMBC) were measured using the standard Bruker software (Topspin 2.1). For the homonuclear experiments, 512 FIDs of 2048 complex data points were collected, with 24 scans per FID, and a mixing time of 120 ms was applied for the TOCSY spectrum, respectively. For the HSQC and HMBC spectra, 512 FIDS of 2048 complex points were acquired with 32 scans per FID for HSQC or 50 for HMBC. Processing of Bruker data and spectra analysis were performed with the Bruker TopSpin 3 program.
Bioinformatic analysis
The A74 sequence located between the fkpA and lldP genes [GenBank accession number KJ459911] was identified as KL2 by comparison to K loci previously annotated (Kenyon and Hall 2013) using the BLASTn search tool (Altschul et al. 1990) .
A total of 233 A. baumannii genome sequences available on the 1 November 2013 were used in this analysis. MLST profiles were extracted from the genomes using a script available at http://sourceforge.net/projects/srst/files/mlstBLAST/ and assigned STs using the Institut Pasteur MLST scheme at http://www. pasteur.fr/recherche/genopole/PF8/mlst/Abaumannii.html.
Polymerase chain reaction PCR amplifications were carried out using genomic DNA as a template and were conducted as described previously using an annealing temperature of 60°C (Nigro et al. 2011) . Primers (Integrated DNA Technologies, Inc., San Diego) included RH1434 (CTCTTATCGGGCTCAAAATC) and RH1435 (GCCCATTTACTATCAACCCG) that amplify a 560 bp region between wzy and gtr3 of KL2.
Supplementary data
Supplementary data for this article are available online at http://glycob.oxfordjournals.org/. 
